Abstract Epigenetic mechanisms underlying nutrition (nutrition epigenetics) are important in understanding human health. Nutritional supplements, for example folic acid, a cofactor in one-carbon metabolism, regulate epigenetic alterations and may play an important role in the maintenance of neuronal integrity. Folic acid also ameliorates hyperhomocysteinemia, which is a consequence of elevated levels of homocysteine. Hyperhomocysteinemia induces oxidative stress that may epigenetically mediate cerebrovascular remodeling and leads to neurodegeneration; however, the mechanisms behind such alterations remain unclear. Therefore, the present study was designed to observe the protective effects of folic acid against hyperhomocysteinemia-induced epigenetic and molecular alterations leading to neurotoxic cascades. To test this hypothesis, we employed 8-weeks-old male wild-type (WT) cystathionine-beta-synthase heterozygote knockout methionine-fed (CBS +/− +Met), WT, and CBS +/− +Met mice supplemented with folic acid (FA) [WT+FA and CBS +/− + Met+FA, respectively, 0.0057-μg g −1 day −1 dose in drinking water/4 weeks]. Hyperhomocysteinemia in CBS +/− +Met mouse brain was accompanied by a decrease in methylenetetrahydrofolate reductase and an increase in S -adenosylhomocysteine hydrolase expression, symptoms of oxidative stress, upregulation of DNA methyltransferases, rise in matrix metalloproteinases, a drop in the tissue inhibitors of metalloproteinases, decreased expression of tight junction proteins, increased permeability of the blood-brain barrier, neurodegeneration, and synaptotoxicity. Supplementation of folic acid to CBS +/− +Met mouse brain led to a decrease in the homocysteine level and rescued pathogenic and epigenetic alterations, showing its protective efficacy against homocysteineinduced neurotoxicity.
Introduction
Homocysteine (Hcy) is an intermediate sulfhydryl-containing amino acid derived from methionine. Hcy has two fates: remethylation to methionine (with the ease of methionine synthase enzyme) or transsulfuration to cysteine (with cystathionine-β-synthase, enzyme CBS; Huang et al. 2007 ). The elevated levels of Hcy, termed as hyperhomocysteinemia (HHcy) , is associated with a higher risk of neurovascular diseases Selhub 1999; Dayal and Lentz 2008) . The causes of HHcy are mainly genetic deficiencies in the enzymes (CBS and MTHFR, methylenetetrahydrofolate reductase) responsible for the remethylation or transsulfuration of Hcy and nutritional (B6, B12, choline, and folate) deficiencies of vitamins serving as cofactors for the enzymes. The dietary nutrients (B6, B12, choline, and folate) are the best sources to influence the supply of methyl groups and regulate the biochemical pathways for methylation processes.
Folic acid, or folate, is the strongest nutritional and pharmacological determinant of plasma Hcy levels. Folate is critical in generating S-adenosylmethionine (SAM) for DNA methylation. DNA methylation is contributing to the control of gene and, ultimately, protein expression (McNeil et al. 2011) . Therefore, alteration in DNA methylation by folate deficiency or HHcy may disrupt this function. However, precise mechanisms remain unclear. Increased oxidation mediated through the sulfhydryl group of Hcy could also affect DNA methylation by altering the DNA methyltransferase (DNMT) activity that might further affect the methionine-Hcy metabolism pathway. DNMTs are known as genomic methylation agents and classified into DNA methyltransferases 3a (DNMT-3a) and DNA methyltransferases 3b (DNMT-3b; regulate de novo methylation), and DNA methyl transferases 1 (DNMT-1; maintain methylation; Kalani et al. 2013 ). These epigenetic changes may affect the physiologic and pathologic processes of Hcy-mediated vasculopathies that include endothelial dysfunction, loss of extracellular matrix collagen, and disruption of the blood-brain barrier (BBB; . A growing body of evidences suggests that an increase in BBB permeability is an important factor in initiating cerebral diseases such as stroke (Wardlaw et al. 2009; Topakian et al. 2010) . Hence, identifying the mechanisms by which HHcy opens the BBB is of great clinical interest. The loss of BBB integrity is also related to matrix metalloproteinase (MMP) activation that plays an important role in decreasing the brain vascular endothelial layer integrity (Rosell et al. 2006) . MMPs are the family of zinc-containing endopeptidases that degrade components of the extracellular matrix (ECM) and tight junction protein (TJP) in the brain (Cui et al. 2012) . MMPs are inhibited by tissue inhibitors of metalloproteinases (TIMPs). TIMP expression is regulated during development and remodeling (Brew and Nagase 2010) . Changes in TIMP levels are considered to be important since they directly affect the level of MMP activity (Visse and Nagase 2003; Alvarez-Sabin et al. 2004) . Previous studies have shown that MMP-2/MMP-9 genes can be regulated epigenetically in cardiovascular diseases . However, whether MMP-2/MMP-9 gene expression can be controlled by epigenetic mechanisms in the context of brain damage or neurodegeneration is still unclear.
Up to this date, only a few reports are available that point to the use of low folate and HHcy-induced diet and its effect on cognitive impairments and neurodegeneration (Tucker et al. 2005; Mattson et al. 2002) . Thus, the literature also provides the importance and use of diet-induced HHcy in genetic deficient HHcy models, such as CBS +/− , in order to validate their outcomes for dementia and neurodegeneration pathologies. This model could also be useful to study high HHcy risk for Alzheimer's and dementia-like neurodegenerative pathologies. The mechanisms between dietary epigenetic regulation and cerebrovascular pathologies remain poorly understood. Taking all the above objectives into consideration, we conducted a study to test the hypothesis that high HHcy induces oxidative stress accompanied by epigenetic changes and MMP-2/MMP-9 gene/protein alterations affecting bloodbrain barrier integrity that lead to neuronal toxicity. We accomplished our study in a well-characterized genetic CBS +/− -deficient mouse model supplemented with a methionine-rich diet in order to study high HHcy risk to neurovascular pathologies and studied the potential protective role of folic acid against Hcy-mediated neurotoxicity. We established that elevated levels of Hcy leads to an increase in cerebrovascular permeability and neurodegeneration. Furthermore, dietary folate supplementation was proven a potential preventive approach in order to revert back the molecular, biochemical, epigenetic, and physiological alterations in HHcy mouse brain.
Materials and Methods

Animals and Experimental Design
The animals were fed standard chow and water ad libitum. CBS +/− heterozygous animals were fed a methionine-rich diet. The animal procedures were carefully reviewed and approved by the Institutional Animal Care and Use Committee, University of Louisville, in accordance with the animal care and proper guidelines of the National Institutes of Health. The male wild-type (WT, C57BJ/L6) and CBS +/− mice (8-12 weeks) were recruited and kept in four different groups (n =4). The mouse groups were: . After 4 weeks, mice were weaned and genotyped. For genotyping, tail samples were collected and genotypic analysis was performed with PCR using specific CBS primers supplied by the supplier. The PCR products were run on 1.2 % agarose gel (prepared in TAE buffer, pH 8.4) in the presence of ethidium bromide and the images recorded in a gel documentation system (BioRad, Hercules, CA, USA; Kumar et al. 2008) .
Mouse Brain Tissue Collection
The brain tissue samples were harvested from experimental mice groups, washed with 50 mM phosphate-buffered saline (PBS, pH 7.4) , and stored at −80°C until use.
Estimation of Biochemical Parameters
Brain tissues from different mouse groups were collected; homogenized in 0.1 M phosphate buffer (pH 7.4); and the biochemical levels for malondialdehyde, glutathione, nitrite, and thiosulfate quantitated as described earlier, with certain modifications (Kamat et al. 2010; Colado et al. 1997 ). Brief descriptions of the different tests are illustrated below.
Measurement of Lipid Peroxidation
Lipid peroxidation was assessed with the malondialdehyde (MDA) method using 1,1,3,3-tetraethoxypropane as the standard. The homogenized brain tissue samples were treated with 0.3 ml trichloroacetic acid (TCA, 30 %), 0.3 ml thiobarbituric acid (2 %), and 0.15 ml 5 N HCl and then heated at 90°C for 15 min. The sample was centrifuged at 13,000 rpm for 10 min. The pink-colored supernatant was collected and quantified at 532 nm using a Spectra Max M2 plate reader (Molecular Device, Sunnyvale, CA, USA). The levels of MDA were determined and expressed for each group in nanomoles per milligram protein (ELLMAN 1959) .
Measurement of Glutathione
Glutathione (GSH) level was ascertained by its reaction with 5,5′-dithiobis 2-nitrobenzoic acid (DTNB) using reduced glutathione as the standard. The tissue sample was first treated with an equal volume of 5 % TCA, centrifuged at 3,000 rpm for 10 min, and the supernatant collected. The supernatant (0.05 ml) was transferred to another tube and 0.1 ml phosphate buffer (pH 8.4), DTNB, and 0.05 ml double distilled water were added. The absorbance of the mixture was recorded at 412 nm within 15 min in a Spectra Max M2 plate reader (Molecular Device). The level of GSH for each group was expressed in micrograms per milligram protein.
Measurement of Nitrite Level
Nitrite levels in the brain tissues were estimated with a Griess reagent [0.1 % N -(1-naphthyl) ethylenediamine dihydrochloride, 1 % sulfanilamide, and 2.5 % phosphoric acid] using sodium nitrite as the standard. The mouse brain tissue (suspended in phosphate buffer) was centrifuged at 3, 000 rpm for 10 min and 0.05 ml supernatant was transferred to the tube containing an equal amount of Griess reagent. The tube was incubated at 37°C for 30 min and absorbance was recorded at 542 nm in a Spectra Max M2 plate reader (Molecular Device). The level of nitrite was expressed in micrograms per milligram protein.
Measurement of Thiosulfate Level
To quantify the thiosulfate levels in the different brain samples, we used Ellman's reagent (DTNB; Ellman 1959) . Briefly, homogenized brain was centrifuged at 3,000 rpm for 10 min and to 0.05 ml supernatant 0.1 ml phosphate buffer (pH 8.4), DTNB, and 0.05 ml double distilled water were added. The absorbance was recorded at 412 nm within 15 min in a Spectra Max M2 plate reader (Molecular Device). The level of thiosulfur for each group was expressed in micrograms per milligram protein.
Preparation of Brain Tissue Extract and Protein Estimation
The brain tissue was homogenized in ice-cold RIPA buffer containing PMSF (1 mM) and protease inhibitor cocktails (1 µl/ml of lysis buffer; Sigma Aldrich, St. Louis, MO, USA) and protein was extracted. The extract was centrifuged at 12,000×g for 15 min at 4°C. The supernatant was collected, aliquoted, and stored at −80°C until further use. Protein content in the different samples was measured with a Bradford dye (Bio-Rad) in a 96-well microtiter plate against a bovine serum albumin (BSA) standard. The plate was read at 594 nm in a Spectra Max M2 plate reader (Molecular Device).
SDS-PAGE and Western Blotting
Brain extracts (40 μg) were loaded on a polyacrylamide gel and run at constant current until the dye reached the bottom. Separated proteins in the gels were transferred to polyvinylidene difluoride membranes using an electrotransfer apparatus (Bio-Rad). After blocking with 5 % non-fat dry milk (1 h), the membranes were probed overnight with a primary antibody [anti-, ZO-1, ZO-2, occludin, MMP-9, MMP-2, MTHFR, Sadenosylhomocysteine hydrolase (SAHH), DNMT-3a, DNMT-1, PSD-95, SAP-97] at 4°C. After washing, the membranes were further incubated with a secondary antibody [horse radish peroxidase-conjugated goat anti-mouse, goat anti-rabbit, or rabbit anti-goat IgG (1:10,000, Santa Cruz, CA, USA)] for 60 min at room temperature. The membranes were washed and developed with ECL Western blotting detection system (GE Healthcare, Piscataway, NJ, USA). The image was recorded in the chemi-program of a gel documentation system (Bio-Rad). After that, the membranes were stripped and probed for GAPDH with an anti-GAPDH antibody (Millipore, Billerica, MA, USA) as a loading control. Each band density was normalized with a respective GAPDH density using Image Lab densitometry software (Bio-Rad).
Real-Time PCR
RT-PCR was performed to check the mRNA transcript levels of the different genes. Total RNA from brain tissue was isolated with TRIzol® reagent (Invitrogen, Grand Island, NY, USA) according to the manufacturer's instructions. Quantification and purity of the RNA was assessed using nanodrop-1000 (Thermo Scientific, Waltham, MA, USA). RNA (2 μg) was reverse-transcribed to cDNA for 5 min at 70°C using 1 μl oligodT 15 primers (Invitrogen, Carlsbad, CA, USA) in a final reaction volume of 5 μl. To this reaction mixture, 4 μl 5× PCR reaction buffer, 4 μl 5 mM MgCl 2 , 1 μl 10 mM dNTP, 1 μl reaction Im-Prom-II™ RT, and 20 U (0.5 μl) rRNasin were added and the total volume was made 20 μl with RNase-free water. The cDNA was prepared in a thermocycler (Bio-Rad) with the following cycle: 42°C for 60 min, 70°C for 15 min, and 4°C at end. Sequence-specific oligonucleotide primers were prepared commercially (Invitrogen, Carlsbad, CA, USA). The PCR was performed for different genes (ZO-1, ZO-2, occludin, TIMP-1, TIMP-2, MMP-9, MMP-2, MTHFR, SAHH, GAPDH) in a final reaction volume of 20 μl containing 2 μl of the cDNA, 10 μl master mix (Promega, Madison, WI, USA), 20 pmol forward primer, 20 pmol reverse primer, and 5 μl water. PCR amplification reactions were performed with the following program: 95°C-7.00 min [95°C-50 s, 55°C-1.00 min, 72°C-1.00 min]×34 cycle, 72°C-5.00 min, 4°C-∞. The amplified products were resolved on an agarose gel (prepared in 1× TAE) in the presence of ethidium bromide and the images recorded with a gel documentation system (Bio-Rad). The band intensities of the PCR product were normalized to GAPDH band intensity. The list of primers along with their sequences is shown in Table 1 .
Quantification of the 5-Methylcytosine Level in DNA
Genomic DNA was isolated (Sigma) form the brain sample and total 5-methylcytosine (5-mC) was determined using the 5-mC DNA ELISA kit (Zymo Research Corp., Irvine, CA, USA) as per the manufacturer's instruction. The kit utilized an anti-5-methylcytosine monoclonal antibody that is both sensitive and specific for 5-mC. The result was expressed in percent 5-mC in a DNA sample calculated through a standard curve generated with specially designed controls included in the kit.
DNMT Activity Assay
DNMT activity was ascertained in nuclear protein fractions isolated from mouse brain using EpiQuik TM nuclear extraction kit (Epigentek, Farmingdale, NY, USA). DNMT activity was assessed through an EPiQuik TM DNMT activity/inhibitor assay ultra kit (Epigentek) according to the manufacturer's instruction. The results were calculated using the formula given below and expressed in OD per hour per milligram. 
Measurement of Permeability in Brain Microcirculation
Blood flow in brain microvasculature was measured in anesthetized mice as described earlier (Muradashvili et al. 2012; Tyagi et al. 2010) . A 14-mm hole was made in the skull using a high-speed micro drill (Fine Scientific, Foster City, CA, USA). Fluorescein isothiocyanate (FITC)-conjugated BSA (BSA-FITC-albumin, 70 kDa) was infused through the carotid artery cannulation in mice. In vivo imaging fluorescent microscope (Olympus BX61WI, Tokyo, Japan) was used for examining the exposed area of the skull. The data were interpreted with the software provided with the instrument and Image-Pro Plus 6.3 (Media Cybernetics, Bethesda, MD, USA). 
Immunohistochemistry Analysis
The mice were euthanized and perfused with 50 mM PBS (pH 7.4). The brains were carefully isolated and washed with 50 mM PBS (pH 7.4). The OCT media (Triangle Biomedical Sciences, Durham, NC, USA) was used to prepare frozen brain blocks that are used to cut 20-μm brain sections in cryostat (Leica CM, USA). The tissue sections were blocked with 5 % BSA for 40 min at RT and incubated with a primary antibody (DNMT-3a, Santa Cruz, CA, USA) at 1:100 dilution overnight at 4°C. The unbound antibody was washed with PBS and the sections then incubated with goat anti-rabbit alexa flour 488 for 90 min at RT. The slides were further stained with DAPI for 10 min and mounted with anti-fade mounting media. The images were acquired using a laser scanning confocal microscope (×60 objective, FluoView 1000, Olympus, PA, USA). Total fluorescence intensity in five random fields (for each experiment) was measured with image analysis software (Image-Pro Plus, Media Cybernetics, Rockville, MD, USA).
Analysis of Different DNMT Transcripts by qRT-PCR
The transcript level of DNMTs (DNMT-1, DNMT-3a) was determined in the cDNA sample of four mouse brains using quantitative real-time PCR. The PCR mixture (25 μl) contained 12.5 μl SYBR GREEN PCR master mix, 1 μl cDNA, and 40 pmol forward and reverse primers and amplified through Stratagene Mx3000p (Agilent Technologies, Santa Clara, CA, USA). The DNMT gene expression was normalized with Rn18s as the normalizing control along with RT and non-template controls. All the experiments were repeated three times and the data were analyzed statistically.
Fluoro-Jade C Staining
Fluoro-Jade C (FJC) labeling in the brain section was performed using a standard protocol (Schmued et al. 2005) , with slight modification. Briefly, 25 μM paraffin-embedded brain sections were cut. The sections were deparaffinized by two 5-min washes in xylene, rehydrated through a graduated alcohol series (100, 90, 70, 50, 30 %) each for 5 min, and finally washed for 2 min in distilled water. The sections were then transferred to 0.06 % potassium permanganate solution for 10 min and rinsed in distilled water for 2 min. After that, the sections were incubated for 20 min in a 0.0001 % solution of FJC (Sigma Aldrich). FJC was made immediately before use by diluting a stock solution of 0.01 % FJC by 100-fold in 0.1 % acetic acid. The sections were further stained with DAPI followed by three washings with distilled water, each for 1 min. The sections were eventually dried at 37°C and mounted with DPX. The fluorescent signal was visualized using a confocal laser scanning microscope with an excitation wavelength of 488 nm. (Swarnkar et al. 2011) . The microtome section (15 μm) was washed under running tap water to remove its matrix then given two to three dips in distilled water. Sections were stained with cresyl violet stain dye for 5 min and airdried for 1 h at room temperature. The dried sections were dipped in n -butanol for 2 min, acetone and xylene for 10 min each, and mounted in DPX. The images were acquired using a confocal microscope (FluoView 1000, Olympus, PA, USA) and the pictures taken at ×20 magnification. The cellular morphology was checked in the brain section along with the cell count. The scoring of healthy cells containing healthy nuclei was carried out in a blinded fashion to avoid investigator bias. A minimum of 20 pictures per slide were captured and analyzed using Image-Pro Plus 7.0 software (Media Cybernetics, Rockville, MD, USA). The data were expressed in cell size/area and number, represented by the ratio of total area of cells (in square micrometers) to the total number of cells.
Statistical Analysis
The results are expressed as the mean±SEM. Statistical analysis of the biochemical and molecular data was analyzed using Student's t test. A p value <0.05 was considered to be significant. (Fig. 1b, c) . These results suggest that the Hcy level was low in CBS +/− brain as compared to CBS +/− +Met+FA brains. The Hcy levels reduced significantly with FA supplementation in Met-fed CBS +/− brain as compared to unsupplemented Met-fed CBS +/− brain.
Results
Genotype and
Effect of Folic Acid on Homocysteine Metabolism
In order to know the effect of folic acid on the metabolic regulation of the Hcy pathway, two crucial enzymes, MTHFR and SAHH, were analyzed. MTHFR protein/mRNA levels were significantly reduced in the CBS +/− +Met group as compared to the control groups. Since MTHFR activity is folatedependent, therefore, folate supplementation increased MTHFR expression in the WT+FA groups and CBS +/− + Met+FA group as compared to WT and CBS +/− +Met, respectively [ 
Folic Acid Ameliorated Hcy-Induced Oxidative Stress
To evaluate the neuroprotective effects of FA on Hcy-induced oxidative stress, several important indices related to brain oxidative stress were determined. As an index of oxidative stress, the level of lipid peroxidation product MDA was significantly increased in CBS +/− +Met brain as compared to control brains. This increase in MDA was attenuated by FA supplementation (Fig. 3a) . On the contrary, the concentration of GSH was markedly decreased in CBS +/− +Met brains as compared to the control brains. However, supplementation with FA normalized the decreased levels of GSH in CBS +/− +Met+FA brains (Fig. 3b ). In addition, the level of nitrite was also increased in the CBS +/− + Met group as compared to the control groups, and supplementation with FA restored the nitrite level in the CBS +/− +Met+FA group (Fig. 3c) . Since thiol depletion also induces oxidative stress and may lead to disease progression, we therefore sought to determine total thiol content in brain tissue by biochemical analysis. The CBS +/− +Met mouse brains were low in total thiol content as compared to WT and WT+FA. Interestingly, a Fig. 3 Effect of folic acid on malondialdehyde (MDH), intracellular reduced glutathione (GSH), nitrite levels, and total thiol contents: MDA (a), GSH (b), nitrite levels (c), and total thiol contents (d) in WT, WT+ FA, CBS +/− +Met, and CBS +/− +Met+FA mouse brains. Data represented mean±SE from n =4 per group significant increase (∼2.5 times) in total thiol contents was determined in the CBS +/− +Met+FA group (Fig. 3d) as compared to the CBS +/− +Met group. These findings suggest that FA supplementation could improve redox homeostasis of the brain.
Effect of Folic Acid Improved Altered Epigenetic Changes
To understand the role of dietary folic acid influence on de novo and maintenance methylation, we measured the expression of DNMT-1 and DNMT-3a by Western blotting, quantitative real-time PCR (qRT-PCR), and immunohistochemistry. Both DNMT-1 and DNMT-3a protein and the mRNA levels were upregulated in the CBS +/− +Met group when compared to the CBS +/− +Met+FA groups, as determined by Western blot and qRT-PCR. Furthermore, no significant change in DNMT-1 and DNMT-3a mRNA levels was observed in the WT+FA group as compared to WT (Fig. 4a-c) .
These results were confirmed with immunohistochemistry of mouse brain tissues with DNMT-3a. The intensity of DNMT-3a was found to be more in CBS +/− +Met brain, as shown in Fig. 4d , e. Thus, the increased levels of DNMT-1 and DNMT-3a suggest that both de novo and maintenance methylation are induced during high HHcy. DNA methylation was determined by estimating percent 5-mC levels in genomic DNA isolated from mouse brain tissues. Percent 5-mC was high in CBS +/− +Met DNA and showed trends of decrease in our folate-supplemented CBS +/− +Met+FA DNA (Fig. 4f) . In addition, we also found increased DNMT activity in CBS +/− +Met mice as compared to control brains, and which is decreased in CBS +/− +Met+FA brains (Fig. 4g) . The balance between MMPs and TIMPs plays a major role in cerebrovascular remodeling, which is a physiological and pathological process in the clinical manifestations of brainassociated disorders. To assess cerebrovascular remodeling, MMP-2, MMP-9, TIMP-1 and TIMP-2 expressions were determined. There was an increase in the protein/mRNA expression of MMP-9 and MMP-2 in CBS +/− +Met brain as compared to control brains. This increase was attenuated and normalized with FA treatment, as determined by Western blot (Fig. 5a, b) and RT-PCR (Fig. 5c, d) analysis. In contrast, TIMP-1 and TIMP-2 mRNA expression was increased in the FA-supplemented CBS +/− +Met+FA group as compared to the CBS +/− +Met group (Fig. 6a, b) . These findings are quite suggestive of folic acid's role in improving unbalanced MMPs/TIMPs which induce cerebrovascular remodeling and neurodegeneration.
Effect of Folic Acid on Tight Junction Proteins
To determine whether tight junction proteins are involved in cerebrovascular remodeling, we performed immunoblotting and RT-PCR assays for ZO-1, ZO-2, and occludin. The results (Fig. 7a, b) and mRNA (Fig. 7c, d ) levels of ZO-1, ZO-2, and occludin were significantly lower in the CBS +/− + Met brain as compared to control brains. However, FA supplementation restored the protein and mRNA levels of ZO-1, ZO-2, and occludin. These results suggest that FA may also protect the blood-brain barrier.
Folic Acid Supplementation Improved Cerebrovascular Permeability
To determine whether FA alleviated the BBB permeability in CBS +/− +Met mouse brain, we measured the interstitial diffusion of BSA (FITC-labeled) in experimental brains by intravital microscopy. We detected that BBB permeability was significantly higher in CBS +/− +Met as compared to the control brain. FA supplementation reduced BBB permeability in the CBS +/− +Met+FA brain (Fig. 8a, b) as reduced BSA leakage was observed in these brains. These results suggested that HHcy was associated with increased permeability in the brain interstitial parenchyma and that this damage was partially prevented by FA.
Folic Acid Ablated Neurodegeneration During HHcy
Neuronal cells respond against any change either adaptively or succumb to neurodegenerative cascades that result in brain disorders. In order to further address the protective role of FA against neurodegeneration, cresyl violet staining, Fluoro-Jade C staining, and expression of synaptic proteins were determined. Cresyl violet staining was used to assess cellular morphological alterations. The CBS +/− +Met group showed Met mouse brain remarkably vanish cellular alterations with an increase in cell number (Fig. 9a) . Hence, significant degeneration of neuronal cells was observed as determined in terms of the ratio of the total area of cells (in square micrometers) to the total number of cells in CBS +/− +Met mouse brain (Fig. 9b) . To further examine the neuroprotective effect of FA during HHcy, we stained mouse brain sections with FJC, which is a polyanionic fluorescein derivative and binds to degenerating neurons. A large number of FJC-positive cells were observed in CBS +/− +Met brains as compared to control brains. There was a significant decrease in degenerating neurons found in CBS +/− +Met mouse brains supplemented with FA (Fig. 10a, b) . The loss of neuronal proteins associated with receptors and cytoskeletal elements at synapses is associated with neurodegeneration. We further determined the protein expression levels of synaptic markers by Western blot analysis. A significant decrease in synaptosome-associated protein-97 (SAP-97) and postsynaptic density-95 (PSD-95) protein expressions was observed in CBS +/− +Met brains as compared to control brains (Fig. 11a) . However, folate supplementation remarkably improved the expressions of synapse proteins in CBS +/− +Met mouse brains (Fig. 11b) .
Discussion
HHcy is a risk factor for neurotoxicity and leads to brain damage (Obeid and Herrmann 2006) . Studies have found the effect of concurrent administration of FA on memory deficits in rats that were subjected to chronic hyperhomocysteinemia (Matte et al. 2007) . Few reports indicated the use of FA in epigenomic alterations in the brain, but the exact mechanism (Pogribny et al. 2008) . Furthermore, recent studies have described the potential use of a methionine-rich diet to induce HHcy in mouse models and its role in neuropathologies such as neurodegeneration and vascular dementia (Sudduth et al. 2013) . However, these studies had limitations and indicated the use of genetic models in order to validate their outcomes (Dayal and Lentz 2008) . Therefore, the aims of this study were to determine the effect of Hcy on neuropathologies associated with epigenetic modifications and whether nutrition supplementation for example folic acid can ameliorate these changes. We fed a methionine-rich diet to CBS +/− -deficient mice in order to accomplish a high HHcy model that mimics Alzheimer's and stroke-like pathologies and studied the effect and mechanism of HHcy-induced cerebrovascular dysfunction and neurodegeneration along with epigenetic alterations in HHcy condition.
A previous study from our lab showed that the Hcy levels are not significantly reduced upon FA supplementation to CBS +/− mice (Tyagi et al. 2011) . We fed methionine to CBS +/− mice, which raised the homocysteine levels; hence, the effect of folic acid could be significantly seen. In order to understand the role of FA treatment in the expression of Hcy metabolic pathway genes/proteins in brain tissue, we measured the expression of MTHFR and SAHH. Our results showed downregulation of MTHFR and upregulation of SAHH protein/gene expressions in the CBS +/− +Met brain, and this was mitigated with FA supplementation. In agreement, previous findings have reported that mutation in the MTHFR gene is implicated with multiple nervous system disorders (Chan et al. 2011) .
Oxidative stress is considered as one of the earliest events associated as a pathological mechanism in HHcy in contributing to neurodegenerative diseases (Tyagi et al. 2005; Ho et al. 2003) . Oxidative damage to the cells has been associated with the auto-oxidation of Hcy and triggers the production of reactive oxygen species (Tyagi et al. 2009 ). In the present study, we demonstrated that Met-fed HHcy brain exhibited high oxidative stress, which was determined by the high MDA (an end product of lipid peroxidation and a measurement of free radical generation), high nitrite levels (known to cause neuronal damage with ROS), and low GSH (antioxidants) levels. High MDA and nitrite and low GSH levels contribute to oxidative stress and quite suggestive of neurodegeneration (Kamat et al. 2010) . Hence, oxidative stress was mitigated with FA supplementations, which reflects the antioxidative property of folate (Joshi et al. 2001) . These results showed that FA ameliorated Hcy-induced oxidative stress that can lead to neurodegeneration and brain damage.
HHcy, along with oxidative stress, may alter the methylation status (Narayanan et al. 2013; Fleming et al. 2012 ). DNA methylation is one of the important epigenetic events, and impaired methylation has been linked to heart disease, stroke, Fig. 12 Scheme of overall hypothesis. In HHcy, oxidative stress increased DNMT activity, induced MMP-2/MMP-9, and decreased TIMPs, degrading the tight junction protein, leading to an increase in cerebrovascular permeability and neurodegeneration. However, FA decreases the Hcy levels and ameliorates cerebrovascular remodeling along with neurodegeneration Fig. 11 Effect of folic acid on synaptic protein damage. a Representative Western blot images of PSD95 and SAP97 protein expressions in WT, WT+FA, CBS +/− +Met, and CBS +/− +Met+FA mouse brains. GAPDH was used as a loading control. b Bar diagram of PSD95 and SAP97 protein expressions normalized with GAPDH. Data represented mean± SE from n =4 per group neural tube defects, Alzheimer's disease, colon cancer, reproductive cancers, kidney infarct, and impaired DNA repair. Methylation occurs when S-adenosine methionine (SAMe) donates a methyl group, which is then attached to the molecule that is being detoxified. SAMe then becomes S-adenosine homocysteine and, eventually, homocysteine. Nutritional supplementations, for example vitamin B6, B12, and folic acid, are necessary to reduce homocysteine and maintain normal methylation levels. DNA methyl transferases (DNMTs) are the enzymes that catalyze the transfer of a methyl group, and their high activity causes hypermethylation of the genes. This makes chromatin less accessible to transcript important genes to regulate smooth cell functioning. We found a significant increase in DNMT (DNMT-1, DNMT-3a) gene expression in the CBS +/− +Met model, which suggested increased DNA methylation levels. A high-methionine diet increases the levels of SAM, thereby providing methyl donors and increasing DNMT activity and the levels of Hcy. Folic acid supplementation facilitates the conversion of Hcy to methionine, thereby decreasing Hcy and increasing MTHFR activity. Eventually, this leads to the normalization of DNMT levels and methylation. In agreement with our study, previous studies have also found increased DNA methylation in hyperhomocysteinemia condition (Narayanan et al. 2013; Thaler et al. 2011) .
Matrix metalloproteinases or "matrixins" degrade matrix and non-matrix proteins and deregulation of their controlled activity can lead to pathological stage. In addition, it has been shown that MMP-9 inhibitor protects neurovasculature (Cui et al. 2012) . The controlled activity of matrixins remains under the influence of endogenous inhibitors such as tissue inhibitors of metalloproteinases (TIMPs); hence, the dis-balance between MMPs and TIMPs directs ECM remodeling, resulting in BBB permeability (Wald et al. 2002; Tyagi et al. 2010) . Our previous reports have shown that HHcy mice displayed an increase in the mRNA expression of MMP-2, MMP-9, and TIMP-3 in brain tissue (Tyagi et al. 2010) . Our current study demonstrated that HHcy increased the expression of MMP-2 and MMP-9 and decreased TIMP-1 and TIMP-2, and which returned to their normal levels in CBS +/− +Met mice with FA supplementation. The increased MMPs causes the degradation of TJP and BBB permeability (Feng et al. 2011) . TJPs are known to maintain the blood-brain barrier (BBB) and solute transport. To investigate BBB permeability, we studied the TJ markers: ZO-1, ZO-2, and occludin. The levels of ZO-1, ZO-2, and occludins were remarkably decreased in CBS +/− +Met brain as compared to WT brains. However, folic acid supplementation significantly recovered tight junction proteins in CBS +/− + Met+FA brains. Likewise, pre-and postsynaptic protein losses were also recovered by folic acid supplementation in CBS +/− + Met mouse brains.
We further confirmed increased permeability using in vivo imaging fluorescent microscope with the BSA-FITC method.
BSA leakage was more in CBS +/− +Met brains as compared to WT. CBS +/− +Met+FA brains convalesced profoundly and were shown to be less permeable as compared to CBS +/− + Met brains. However, no permeability was seen in WT brains. Apart from this, neuronal degeneration was also significantly improved with folic acid supplementation in CBS +/− +Met+ FA mice, indicating the potential protective effect of FA.
Thus, in the present study, we determined that methionine feeding to CBS +/− mice caused high Hcy levels that increased oxidative stress in the brain along with increased DNMT activity and dis-balanced MMPs/TIMPs, which further altered brain tight junction proteins. HHcy also affected Hcy metabolism pathway regulatory genes and proteins along with brain structural integrity. The altered expressions of regulatory genes/ proteins increased the permeability of CBS +/− +Met brains, causing vasogenic edema and neurotoxicity. Interestingly, nutritional supplementation in the form of folic acid remarkably rescued the altered physiological, molecular, epigenetic, and functional parameters in Met-fed CBS +/− mouse brains, which shows its protective role in cerebrovascular and neurovascular pathologies. The mechanism is postulated in Fig. 12 .
Conclusions
Overall, these findings suggest a promising protective role of nutritional supplementation (FA) in ameliorating brain damage and epigenetic alterations associated with HHcy. From the present study, we were able to delineate the nutri-epigenetic mechanisms associated to improve Hcy-induced blood-brain barrier damage and neurodegeneration.
